Flowering Locus C (FLC) is a key floral repressor that precisely controls flowering time. The role of FLC has been extensively studied at the transcriptional level using molecular biological and epigenetic approaches. However, how FLC functions and how its stability is controlled at the post-translational level are only beginning to be understood. Recent studies show that various post-translational modifications (PTMs) control the stability and activity of FLC. In this review, we focus on three types of PTMs that regulate FLC function: phosphorylation, ubiquitination, and sumoylation. This report should serve as a model to guide post-translational studies of other important floral regulators.
Introduction
Post-translational modifications (PTMs) are important for regulating protein stability and function. Numerous proteins are covalently conjugated to small or large molecules after translation in both prokaryotic and eukaryotic cells. The conjugation of molecules to proteins results in a great diversity of conjugated proteins. To date, over 200 types of PTMs have been discovered and shown to affect the activity, subcellular localization, and turnover of modified proteins, as well as interacting with proteins, DNA, RNA, and other molecules (Banks et al., 2000; Nalivaeva and Turner, 2001; Mann and Jensen, 2003; Kho et al., 2004; Deribe et al., 2010) . The common PTMs include phosphorylation, acylation, carboxylation, methylation, acetylation, ubiquitination, and sumoylation.
PTMs are classified into two independent patterns according to the conjugation time of the modifier to the target protein after translation. The first pattern involves the immediate modification of the target protein after translation. The folding, stability, activity, and cell compartmentation of the target protein can be affected by this type of modification. The second pattern involves conjugation with a specific modifier after proper folding and the localization of the protein to a specific cellular organ, allowing the catalytic or biological activity of the protein to be regulated by the modifier. In addition, many proteins can also be multiply modified through serial post-translational conjugation of the same or different modifiers; these step-wise modifications also regulate the stability or function of the modified proteins, such as their degradation, activation, and inactivation (Yang, 2005) .
The most dramatic developmental change in a plant is the switch from vegetative growth to flowering (Simpson and Dean, 2002) . This floral transition is dependent on plant species and is directed by various environmental and endogenous factors (Battey, 2000; Simpson and Dean, 2002; Izawa et al., 2003) . This phase transition is regulated by several key factors, including FLOWERING LOCUS C (FLC), which functions as a floral repressor (Michaels and Amasino, 1999; Sheldon et al., 1999; Simpson and Dean, 2002) . Hence, the effects of FLC on control of flowering time have been studied intensively. However, studies addressing the molecular mechanisms underlying the effect of FLC on flowering have mostly focused on the transcriptional regulation of FLC. Recent biochemical evidence suggests that the functioning of FLC is controlled at both the transcriptional and post-translational levels, indicating that PTMs play important roles in regulating FLC function.
Here, we describe the functional post-translational modifiers of FLC, and we present a comprehensive summary of post-translational FLC modifications and their relevance. This review describes regulatory mechanisms of FLC activity involving phosphorylation, ubiquitination, and sumoylation.
Flowering and FLC
Flowering time is a key trait for plant adaptation, as correct flowering time is necessary for reproductive success. After germination, plants grow for a long period of time, a phase referred to as vegetative development (Poethig, 1990) . Subsequently, the fate of the meristem changes to initiate reproductive development, which causes flowering. Thus, the developmental transition from the vegetative to reproductive phase is the most important process in flowering plants. This transition is controlled by endogenous and environmental signals, including age, ambient temperature, photoperiod, vernalization, and autonomous pathways (Battey, 2000; Simpson and Dean, 2002; Izawa et al., 2003; Song et al., 2013; Romera-Branchat et al., 2014; Verhage et al., 2014; Wang, 2014) .
Many plants require vernalization, i.e. a long exposure to cold conditions, for floral induction. The key factor controlling this process in Arabidopsis thaliana is the floral repressor FLC, a MADS-box transcription factor (Michaels and Amasino, 1999; Sheldon et al., 1999 , Samach et al., 2000 Simpson and Dean, 2002) . In Arabidopsis (winter accessions), FLC expression is high during the winter, which prevents a phase change from the vegetative stage to the reproductive stage. However, the expression of this gene is repressed the following spring, resulting in the induction of flowering (Michaels and Amasino, 1999; Sheldon et al., 2000) . Accordingly, the control of FLC expression has been extensively studied. FLC transcription is repressed by components of the autonomous pathway and by vernalization (Michaels and Amasino, 1999; Sheldon et al., 1999; He and Amasino, 2005; Krichevsky et al., 2007; Greb et al., 2007) . FLC transcription is also repressed by epigenetic modifications including methylation, but is induced by chromatin remodeling, such as the acetylation of histone proteins (Sung and Amasino, 2004; Sung et al., 2006; Finnegan and Dennis, 2007; Pien et al., 2008; Swiezewski et al., 2009; Tamada et al., 2009; Wang et al., 2009; Aikawa et al., 2010; Angel et al., 2011; Heo and Sung, 2011; Csorba et al., 2014; Yang et al., 2014; Nishio et al., 2016; Qüesta et al., 2016) . In addition, FLC expression is regulated by abscisic acid (ABA) signaling. ABSCISIC ACID-INSENSITIVE MUTANT5 (ABI5) directly binds to the FLC promoter and induces its expression (Wang et al., 2013) , indicating that ABA-mediated hormone signaling negatively regulates the floral transition.
Other major factors controlling flowering time include Flowering Locus T (FT) and CONSTANS (CO). FT, a floral integrator, is the main regulator of flowering time in response to seasonal changes. The expression of FT is influenced by the photoperiod pathway, vernalization, and the autonomous pathway (Simpson and Dean, 2002) . FLC directly represses FT expression, indicating that its expression is activated by the autonomous and vernalization pathways (Simpson and Dean, 2002; Searle et al., 2006) . CO is a B-box zinc finger transcription factor that acts antagonistically to FLC by activating FT expression (Andrés and Coupland, 2012) . Many other proteins, including photoreceptors, participate in FLCmediated control of flowering time upstream or downstream of FLC, although the mechanism is still unclear (Hepworth and Dean, 2015, Endo et al., 2016) .
Protein phosphorylation and FLC activity
Protein phosphorylation, the covalent addition of a phosphate group to serine, threonine, or tyrosine residues in eukaryotes, and to other amino acids such as histidine, aspartate, glutamate, lysine, arginine, and cysteine in prokaryotes (Batalha et al., 2012) , is the most widely studied PTM. Many proteins are phosphorylated by various protein kinases. Approximately one-third of proteins are modified by phosphorylation (Hubbard and Cohen, 1993) , indicating the importance of phosphorylation in the biological control of various signal transduction pathways in cells. Protein phosphorylation has long been a subject of study, which has revealed its widespread influence on protein functions such as catalytic activity, subcellular localization, stability, and/ or interactions with other proteins (Whitmarsh and Davis, 2000) . Thus, protein phosphorylation affects many processes such as the cell cycle, growth, and signaling pathways by regulating the cellular functions of modified proteins.
Arabidopsis genome annotation analysis has shown that kinases are encoded by up to 5.5% of coding genes, i.e. nearly twice as many as in the human genome (Manning et al., 2002) , indicating the high specificity and complex networks of phosphorylation events in plants (Schulze, 2010) . Many plant protein kinases play essential roles in signal transduction, subcellular compartmentation, growth and development, and abiotic and biotic stress responses (Friso and van Wijk, 2015) .
Protein phosphorylation is also involved in the control of the floral repression activity of FLC. Robertson et al. (2008) analyzed endogenous FLC and recombinant FLC-FLAG by two-dimensional gel electrophoresis and western blotting, finding that both endogenous FLC and transgenic FLC-FLAG proteins are phosphorylated. In addition, a mutant overexpressing FLC-FLAG protein in which the potential serine kinase target sites in FLC were changed to mimic phosphorylated residues led to early flowering. This finding suggests that the flowering-repressive function of the mutant protein was abolished, causing the mutant FLC-FLAG-overexpressing plants to flower earlier than the wildtype. The mutant FLC-FLAG protein forms a complex with endogenous FLC, resulting in the interference of normal FLC function. High levels of mutant FLC-FLAG protein can have a dominant negative effect, perhaps because MADS-box proteins are thought to form dimers or tetramers (Egea-Cortines et al., 1999; de Folter et al., 2005) . Therefore, the mutant FLC-FLAG protein could form a high-molecular-weight complex with endogenous FLC as well as mutant FLC-FLAG protein (Helliwell et al., 2006) . It is also likely that the mutant protein interacts with SHORT VEGETATIVE PHASE (SVP), a MADS-box transcription factor that functions as a floral repressor (Li et al., 2008) , and that the resulting complex no longer functions as a floral repressor. These findings demonstrate the essential role of phosphorylation in the functioning of FLC in the floral induction pathway.
Protein ubiquitination and FLC stability
Ubiquitin is a small polypeptide comprising 76 amino acids that attaches to a lysine residue of the target protein in a process known as ubiquitination. Ubiquitin contains seven lysine amino acids, all of which can form isopeptide linkages with target proteins. After the monoubiquitination reaction, polyubiquitination events can also occur because ubiquitin contains lysine residues that can act as substrates. The fate of the target protein is determined by the number of conjugated ubiquitin molecules. Polyubiquitinated proteins are recognized by the 26S proteasome complex and degraded by the catalytic activity of this complex (Pickart and Fushman, 2004; McDowell and Philpott, 2016) . However, monoubiquitinated proteins are not degraded. Instead, the subcellular localization or activity of the modified proteins is affected by the conjugated ubiquitin (Hicke, 2001; McDowell and Philpott, 2016) .
The ubiquitination reaction occurs via the serial actions of the ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and ubiquitin ligase E3 (McDowell and Philpott, 2016) . First, E1 activates ubiquitin in an ATP-dependent manner. Next, ubiquitin is conjugated with E2, which interacts with E3 ligase. Finally, ubiquitin is covalently attached to the target protein by the ligase activity of E3 through specific interactions of E3 with the substrate.
There are four types of E3 ubiquitin ligases, which are classified according to protein structure and reaction mechanism (Vierstra, 2009) . The first type is HECT (Homologous to E6-associated protein C-Terminus), which forms an intermediate with ubiquitin before ubiquitin is transferred to the target substrate (Downes et al., 2003) . The second and third types are RING (Really Interesting New Gene) and U-box proteins. These single polypeptides use zinc chelation and hydrogen bonds (or salt bridges) to transfer ubiquitin from an intermediate of ubiquitin and E2 to the target substrate (Stone et al., 2005; Yee and Goring, 2009) . Interestingly, some RING-type E3 ubiquitin ligases act independently and determine substrate specificity, allowing E2 to interact with the target protein (Vierstra, 2009) . The fourth type of E3 ubiquitin ligase is CRL (Cullin-RING Ligases). RING-type E3 ubiquitin ligases can act as multi-subunit CRL complexes, such as SCF (Skp1, Cullin, F-box) -type ligase. In this complex, substrate recognition is provided by the F-box protein, whereas the RING protein binds to E2 (Hua and Vierstra, 2011) .
There are more than 1400 genes encoding E3 ubiquitin ligases in the Arabidopsis genome, indicating the important roles played by ubiquitination in modulating protein function and stability (Mazzucotelli et al., 2006) . Numerous E3 ubiquitin ligases have been functionally characterized in plants, and several flowering-related E3 ubiquitin ligases and ubiquitination systems have also been identified. For example, the RING finger protein CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) negatively controls flowering by reducing the levels of CO and GIGANTEA, a key regulator of photoperiodic flowering (Xu et al., 2016) . HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENE1 (HOS1), another RING finger protein, also negatively regulates flowering by mediating CO degradation (Jung et al., 2012) . Plant U-box protein 13 (PUB13) positively controls flowering by inducing the expression of SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1), a floral activator and MADS-box protein gene, as well as activating FT and repressing FLC expression (Li et al., 2012) . SINAT5, an Arabidopsis homolog of the RING finger Drosophila protein SINA, positively controls flowering by inducing the degradation of LATE ELONGATED HYPOCOTYL (LHY), a MYB transcription factor (Park et al., 2010) . Cullin-RING ubiquitin ligase (CUL4-DDB1[MSI4]) positively controls flowering by repressing epigenetic expression of FLC, while the RING finger proteins HISTONE MONOUBIQUITINATION1 (HUB1) and HUB2 negatively control flowering by inducing epigenetic expression of FLC (Pazhouhandeh et al., 2011) .
The ubiquitination system can also directly regulate FLC function. Park et al., (2007) showed that the RING finger motif of SINAT5 directly interacts with the MADS-box domain of FLC and that SINAT5 polyubiquitinates FLC through its ligase activity, indicating that SINAT5 can inhibit the flowering repression activity of FLC. However, FLC ubiquitination by SINAT5 activity was shown by an in vitro experiment, which requires the confirmation of the results in planta. Nevertheless, this finding strongly suggests that the ubiquitination system can directly prevent FLC-mediated flowering repression by reducing FLC levels.
The role of protein sumoylation in FLC activity and FLC-mediated flowering
Sumoylation is another important type of PTM. During this process, SUMO (Small Ubiquitin-related Modifier), a small polypeptide similar to ubiquitin, covalently attaches to its target lysine residue. The conjugation of SUMO to its target protein is similar to the ubiquitination reaction. Like ubiquitination, sumoylation also requires the sequential action of three enzymes, SUMO-activating enzyme E1, SUMOconjugating enzyme E2, and SUMO ligase E3. However, whereas a large number of E3 ubiquitin ligases have been identified in plants, the roles of E3 SUMO ligases are relatively poorly characterized. Moreover, it appears that few E3 SUMO ligase genes are present in plant genomes, suggesting that the specificity of sumoylation may be determined at the target level (Mazzucotelli et al., 2008; Miura and Hasegawa, 2010) . There is accumulating data suggesting that, like ubiquitination, sumoylation also influences the conformation of the target protein, thereby changing the interaction of the modified protein with other proteins, as well as the subcellular localization, stability, and activity of the modified protein (Mazzucotelli et al., 2008; Miura and Hasegawa, 2010) .
Several studies have shown that the sumoylation system functions in the regulation of flowering. Mutants of EARLY IN SHORT DAYS4 (ESD4), an Arabidopsis SUMO protease associated with the nuclear envelope (Reeves et al., 2002; Murtas et al., 2003) , flower earlier in short days than the wildtype, and its loss results in an increase in SUMO conjugates (Murtas et al., 2003) . NUCLEAR PORE ANCHOR (NUA) encodes a 237-kDa protein similar to Translocated Promoter Region (Tpr). Mutant alleles of this gene have several phenotypic characteristics that are similar to those of esd4 mutants. The mutants show an increase in SUMO conjugates and reduced free SUMO levels, and they flower extremely early (Xu et al., 2007) . Sumoylation of FLOWERING LOCUS D (FLD), a plant ortholog of the human protein LYSINE-SPECIFIC HISTONE DEMETHYLASE1, by Arabidopsis SIZ1 inhibits FLD activity, which represses FLC expression in a FRIGIDA background, indicating that SIZ1 functions as a floral repressor (Jin et al., 2008) . A mutant overexpressing SCE (C94S), in which the Cys residue in the active site of this SUMO-conjugating enzyme was replaced by Ser, resulted in an early flowering phenotype, particularly under short-day conditions (Tomanov et al., 2013) . This result suggests that SCE (C94S) perturbs SUMO conjugation by competing with wild-type SCE in the plant, and therefore the binding of SCE (C94S) to the SUMO-activating enzyme results in reduced SUMO conjugation. In addition, sed111, one of a series of suppressor of esd4 (sed) mutants, shows reduced hyperaccumulation of SUMO conjugates and delayed flowering. Since sed111 has a mutant salicylic acid (SA) induction-deficient 2 (SID2) gene encoding ISOCHORISMATE SYNTHASE I, an enzyme required for SA biosynthesis, sed111 contains reduced SA levels, whereas esd4 contains approximately three-fold more SA than the wild-type due to higher levels of SID2 mRNA (Villajuana-Bonequi et al., 2014) . DnSIZ1, a Dendrobium SIZ/PIAS-type protein that is a functional homolog of Arabidopsis SIZ1, acts as a negative regulator of the flowering transition, perhaps via a vernalization-induced pathway (Liu et al., 2015) .
FLC activity is also stimulated by sumoylation (Kwak et al., 2016; Son et al., 2014) . Two E3 SUMO ligases, AtSIZ1 and HIGH PLOIDY2 (HPY2), directly interact with and stabilize FLC. However, interestingly, AtSIZ1 inhibits FLC sumoylation (Son et al., 2014) , whereas HPY2 stimulates FLC sumoylation (Kwak et al., 2016) . In addition, mutant FLC (K154R, a mutation of the sumoylation site) does not possess flowering repression activity (Son et al., 2014) . These data demonstrate that the sumoylation system directly activates FLC function, resulting in the maintenance of the flowering repression activity of FLC.
Notably, FLC interacts with the SAP domain of AtSIZ1 (Son et al., 2014) , but it can also interact with HPY2, which only contains a SP-RING finger domain (Kwak et al., 2016) . The finding that FLC directly binds to AtSIZ1 and HPY2 suggests that AtSIZ1, HPY2, and FLC can form a triple complex and that both E3 SUMO ligases modulate FLC activity simultaneously. Protein complex formation activates or inhibits one or more of the complex members. Each protein can participate in the formation of a variety of different protein complexes. There are two types of protein complexes: transient protein complexes, which are broken down transiently in vivo, and permanent/stable protein complexes, which have a relatively long half-life. Undoubtedly, flowering is the most important event in the plant kingdom, and thus plants have evolved a system for inducing flowering under optimal conditions, suggesting that the stability and activity of FLC are tightly regulated both temporally and spatially. It is currently unknown whether AtSIZ1, HPY2, and FLC can form a triple complex in vivo. We assume that four types of triple complexes can be formed among AtSIZ1, HPY2, and FLC, although we do not yet know the binding region of HPY2 to AtSIZ1 (Fig. 1) . In the first complex, FLC and HPY2 bind to different regions of AtSIZ1 (Fig. 1A ). It appears that AtSIZ1 binds to both FLC and HPY2 and that FLC cannot bind to HPY2. In the second complex, FLC and HPY2 bind to different regions of AtSIZ1. However, FLC binds to AtSIZ1 and HPY2 simultaneously (Fig. 1B) . Thus, it appears that AtSIZ1 binds to both FLC and HPY2. In the third complex, FLC binds to AtSIZ1 and HPY2 simultaneously. However, HPY2 does not interact with AtSIZ1 (Fig. 1C) . Finally, in the fourth complex, HPY2 binds to FLC and AtSIZ1. In this case, HPY2 may function as a bridge, and FLC does not bind to AtSIZ1 (Fig. 1D) . These bindings could occur during the spring or after the developmental switch from the vegetative stage to the reproductive stage, and FLC might not be sumoylated by HPY2 in all cases. However, during the winter, plants must be exposed to an internal or external signal or stimulus for floral repression, which leads to the separation of AtSIZ1 from FLC and HPY2. This separation causes FLC to bind to HPY2, and results in the sumoylation of FLC by HPY2. Therefore, AtSIZ1, HPY2, and FLC are thought to form a triple complex to inhibit the sumoylation of FLC by HPY2, thereby maintaining the inactive state of FLC. It is also possible that the triple complex blocks the association of FLC with SINAT5, thereby protecting FLC from proteasomal degradation through ubiquitination by SINAT5, suggesting that the triple complex stabilizes FLC. Moreover, we cannot rule out the possibility that the sumoylation system of AtSIZ1, HPY2, and FLC complexes can be fine-tuned to regulate FLC activity. For example, AtSIZ1 could block the sumoylation of FLC for floral induction as part of an AtSIZ1, HPY2, and FLC complex during the spring, whereas HPY2 could sumoylate FLC for floral repression as an AtSIZ1, HPY2, and FLC complex during the winter.
Other types of triple or quadruple complexes could also form in vivo, such as SINAT5, FLC, and HPY2 (Fig. 1E) , SINAT5, FLC, and AtSIZ1 (Fig. 1F) , and SINAT5, FLC, AtSIZ1, and HPY2 (Fig. 1G) complexes. Furthermore, triple or more multiple complexes including protein kinase could also form with these proteins, allowing the function of FLC to be modulated by phosphorylation in a manner similar to or different from the mechanisms that are modulated by complexes including E3 ubiquitin or SUMO ligases. However, we do not yet know how these proteins selectively associate in cells and whether they form complexes transiently or permanently/stably. Nevertheless, it is clear that the formation of different types of protein complexes is precisely controlled during development; therefore, the stability and activity of FLC could be regulated by various PTMs through the formation of double, triple, and/or more complicated complexes.
Conclusions
The functioning of FLC is modulated by three different PTMs (Fig. 2) . Phosphorylation is required for maintaining the flowering repression activity of FLC. Sumoylation stabilizes FLC and stimulates its floral repression activity. However, ubiquitination can lead to the degradation of FLC. It would be interesting to investigate how AtSIZ1 and HPY2 modulate each other's activity and, hence, the functioning of FLC. As with other proteins, we are still at an early stage in understanding how PTM systems regulate the stability and activity of FLC. To date, three different PTM systems controlling FLC have been uncovered. However, it remains to be determined how PTMs help to integrate FLC signaling.
Further research will probably identify the regulatory mechanism by which phosphorylation, ubiquitination, and sumoylation mutually control the PTM of FLC. Additional work will be required to determine the biochemical processes underlying how PTM systems participate in the epigenetic control of FLC gene expression. 
